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Human blood was cquilibrated with halothane
(1.2 per cent), cyclopropane (20 per cent), ni-
trous oxide (70 per cent), and dicthyl ether
(4 per cent and 15 per cent). The remaining
gas in cach instance was 3 per cent carbon
dioxide in oxygen (carbogen). Blood viscosity
was measured before and after equilibration with
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or hetic-free b utilizing
a ially adapted mil plate vi
Clinical ations of the inhalational anes-

thetics produced no changes in whole blood vis-
cosity. However, high concentrations of diethyl
ether in the range of 250 mg./100 ml., produced
a small but statistically significant increase in
viscosity.

Frow through blood vessels is determined by
the perfusion pressure, cross-sectional area of
the vessels, and blood viscosity. Only the
first two factors have been commonly consid-
ered in studies of cardiac output and organ
blood flow, while the viscosity of blood usually
has been assumed to remain constant.  How-
ever, the flow propertics of blood can be
changed by numerous factors, including bums
and othier tissue injury,! ® extensive operation,*
cardiopulmonary bypass,*® ** and several kinds
of shock.™!? ¢ Furthermore, certain drugs,
notubly dextrans, may affect blood viscosity
markedly.119-17 The effects of anesthetic
agents on blood viscosity are largely unex-
plored. 1In the present study, in titro effects
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of inhalational anesthetics on human wholed
blood viscosity are reported, and some basicy,
rheological concepts are discussed.

Mecthods

Blood samples were obtained from 33 nor3
mal adult volunteers. Twenty millilitersS
of forcarm venous blood was sampled with-3
out stasis, through a 19-gauge needle intog
a 20 ml glass syringe containing 0.15 ml of&
heparin  sodium  solution (1,000 units/ml)@
The final heparin concentration was 7.3 umls/:,
ml. blood.1®

Each sample was divided into three paﬂs
Viscosity of a 6 ml portion was mcasured&
without further handling (llnethbntcd con-\‘
trol}. Viscosity of a second 7 ml fr'lchona
was measured after tonometry wnh the humld-\‘
ified anesthetic gas mixture (experimentalx
sample). The balance gas in cach instance®
was 3 per cent CO, in O, (carbogen), which®
provided near physiologic levels of oxygeng
and carbon dioxide. The final third of lhco
sample (equilibrated control) was cthbrxtcdb
with humidified anesthetic-free carbogen, andA
its viscosity was then measured.

Tonometric Procedure.  Measured concen-
trations of dicthyl ether were delivered by
means of a Vernitrol vaporizer ® and calibrated ©
flowmeters. A Fluotect vaporizer was em-8
ploved for vaporization of halothane. Dc-_
livery of cyclopropane and nitrous oxide wnsa
metered by calibrated rotameters. G‘

A rotating tonometer was used to pcrformo
nine experiments with 15 per cent dlclh)l“’
ether, three with 1.2 per cent halothane, threeo
with 20 per cent cyclopropane, and one with2
70 per cent nitrous oxide. This system con-:(o>
sisted of two, 285 ml glass vessels in a%
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Tasre 1. Blood Viscosity: Mean Control Values
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Mean viscosity values and standard errors are shown in cef ntl]mNﬂ {ep.) for 33 samples of norm nl%
whole human blood at shear rates ranging from 230 to 11.5 see.™ @

37.0° C. water bath.?® Experimental and
control samples were equilibrated simultane-
ously for one hour with gas flows through the
tonometer flasks of 100 ml./minute.

In 17 additional studies an Instrumentation
Laboratory Tonometer was used for simultane-
ous equilibration of control and experimental
blood samples in 200 ml. flasks. Six experi-
ments were performed with 4 per cent diethyl
ether, five with 70 per cent nitrous oxide,
three with 20 per cent cyclopropane and three
with 1.2 per cent halothane.  Gas flow through
the flasks was 500 ml./minute and cquilibra-
tion time was 12 minutes. Analysis of blood
concentrations of halothane and diethyl ether
by gas chromatography t proved that equili-
bration was complete in all but those equili-
brated with 15 per cent diethyl ether. In
the latter 2 mean ether concentration of 245
mg./100 ml. was found.

A comparison of the effects on blood vis-
cosity of the two tonometric systems revealed
no appreciable differences.

All glassware and other pieces of equipment
which came in contact with blood were sili-
conized before each experiment.§

Analytical Procedures. Viscosity was meas-
ured with a Brookfield micro cone-plate vis-
cometer, Model LVT,72° specially adapted so
that blood gas tensions could be maintained
constant during measurement of viscosity. The
sample cup was fitted with an injection port
at the base, a purging port above the test-

ing area, and a water jacket. The snmp]c"
cup was purged with the appropriate humidi-3.
fied gas mixture for 10 minutes prior to theg
anaerobic injection of the 1.0 ml. blood sam-&
ple and during the entire period when vis-3
cosity measurements were being made. Tem-:
perature within the cup was maintained ne
37.0° = 0.2° by circulating water from a con—g
stant temperature bath through the jacketo
The instrument was calibrated with \':monnlc
Bureau of Standards Oils H, I, and K. \lcas~—~
urements of viscosity were made in duphcnuﬁ
at shear rates of 230, 115, 46, 23, and 11.5% am
seconds™! (inverse seconds), after an mmal\‘
shearing at 230 sec.”? for 5 minutes.#1* N
The reproducibility of the method for mc’\s-«o
uring viscosity was determined by nmlyzm;g
11 samples from one blood specimen at each
shear rate.  The 95 per cent confidence llmltﬁ
were found to lic within 6 per cent of thad
mean at all shear rates except 11.5 scc"‘g
where the 93 per cent confidence band mc:
cluded the mean = 13 per cent.  Other work-Lo
ers?! have found good agreement bctwccrg
values obtained with the Brookfield de\lccg
and the G.D.M. viscometer,** which pcrmlL%
measurements over a wider range of r'ntcsb
(from 100 to 0.02 sec.!) with a reputed ac—~
curacy of 2 per cent. ‘<
Hematocrits were determined in duphcut(g
by Wintrobe technique. Experimental rcsullé—”—
were rejected if the variation in hematocritS
between two simultancous equilibrated samo
>

t Method of R. A. Butler, to be published.
§Sx|xc]ad (Clay-Adams, Inc., New York City).
¥ Brookfield Engineering Lahonlont.s, Inc,
Slnughmn Mass.

©
#This initial shearing is necessary because at =
constant shear rate blood viscosity decreases with
time, reaching a stable value in about 4 minutesy
This property of blood is known as thixotropy.
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TasLe 2. Blood Viscosity Changes Due to Tonometry o
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ples (control and experimental) was more
than 0.5 per cent in a given study or if
hemolysis was observed in either sample.

Statistical analysis was performed by means
of Student’s paired f-test.

Results

Mean values for viscosity and hematocrit of
whole normal human blood at various shear
rates are listed in table 1.

Mean changes in blood viscosity and hema-
tocrit due to tonometry are presented in
table 2. The equilibration procedure caused
a small increase in blood viscosity.  Although
this change was statistically significant, it rep-
resented an increase in blood viscosity of less

TanLe 3.

Blood Viseosity Changes Due to Anesthetic Agents

than 6 per cent at the lowest shear rate andg
about 3 per cent at all other shear rates. Thcm
mean decrease in hematocrit was only 0013-
per cent. m

The mean changes in viscosity produced byo
anesthetic agents are given in table 3. Thc‘g
values in the table represent the differencesS,
between samples of blood cquilibrated withg
the anesthetic-free carbogen and those cquili:é?L
brated concurrently with the anesthetic gasy
in carbogen. None of the anesthetic agentsy
in clinical concentrations produced statisticallyg
significant changes in blood viscosity, at anmyd
shear rate. However, higher concentrationsy)
of dicthyl ether, in the range of 245 mg./100§
ml., produced a small but statistically signifi-S

S
=]
=]
a
S
»
2

Shear Rate (sec.™1) [}
=]
©
o

0 ‘ s ‘ 16 21 1.5 =]

@

— - i =4

! a Ky ! ) | . ! a a 8

Drug | Studies | Tet. Yise. | 8E. Vise, | 8F. ] Vise. [ SE, Vise. Visc. [=]
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Halothane 1.27¢ 6 7| =01 0.00 | 0,08 0.00 l o.10] —0.03 0.1 +0.06:0.13 | +0.08t} 0. 36

Cyclopropane 207, ‘o 6 | +0.114005) 004 +0 5[ 0.06 | +0.05, 0.07 | +0.041 006 +0.103 | 0. ()0<

Nitrous Oxide 7055 6 —0.5 ] 40.03{0.04| +0.05!0.03] +0.04]0.04 5 +0.02:0.07} —0.12F | O 042

Diethyl Ether -I‘f’ 6 +0.1} +0.09]0.13| 4010 ‘ 0.16{ +0.1310.21 ) +0.14 1025 +0.06+% 11.302

Diethyt Ether 15€ 9 0 +0.130.05| +0.17 [()()1 40,34 | 0.2} +0.61 iﬂ.m +0.57¢ ().‘Z!g

i

* Inmmplotr oqluhbmlmn—mmn blood ether coneentration 245 mg. per cent.

1 Measured i
1 Measured i

 judy o1 u

Mean blood viscosity ch'\ngm due to anesthetic agents are shown in eentipoises (ep.) along with thexr"’

standard errors.  The entries in the table represent th

e differenees between the values for blood ~unplm’\3

equilibmted with carbogen and those equilibrated concurrently with the anesthetic gas in earbogen, at shc:lr

rates ranging from 230 to 11.5 inverse seconds (sec.™).



== 5. BEHAR AND S. C. ALENANDE Anesthesiol
570 M. G. BEHAR AND 8. C. ALEXANDER sml‘mbc?mlgg
o
S
X 3
9'5 DIETHYL ETHER {4 %) 4 DIETRYL ETHER (15%} o
z 6r X g
g4 =
g x E
EY z
= 5 °
> =
N 2
§ 3+ © Untonometered Blood >
- 2k @ Biood Tonometered With Carbogen z
X Blood Tonometered With Diethyl 2
L Ether in Carbogen %
ol L : Lo o 1 Py
1L523 46 15 230 1523 46 15 2305
SHEAR RATE (inverse seconds) SHEAR RATE (inverse seconds) )
Fic. 1. Rheological behavior of normal whole human blood. The figure shows the 2
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cant increase in viscosity (P < 0.05 at shear
rates of 230 and 115 sec.”!; P < 0.02 at 46
sec.l; and P < 0.01 at 23 sec.”t).

In figure 1 is a graphical presentation of the
rheological behavior of blood as measured
without tonometry, following tonometry with
anesthetic-free carbogen, and after tonometry
with 4 per cent and 13 per cent diethyl ether.

Discussion

Interpretation of the data from this investi-
gation depends wupon a familiarity with cer-
tain basic rheological concepts.  Therefore,
the flow properties of fluids in general and
blood in particular will be considered first.
There will follow an examination of the re-
sults of this study, and finally a discussion of
the relevance of these findings to the in vico
situatjon.

Basic Rheologic Concepts. When a liquid
flows through a cylindrical tube, friction at
the walls of the tube exerts a backward “drag”
on the outermost laver of fluid: this retardation
is transmitted in decreasing degree to the inner
concentric lavers of fluid. Consequently, a
velocity gradient is present in the flowing
stream. The flow velocity is maximum at the
center and decreases in a parabolic manner,
approaching zero at the walls. The change
in velocity per unit distance across the tube
diameter is termed shear rate described in

units of em. second ‘em., or simply seconds-'y
The force per unit area required to producE
a given rate of shear is the shear stress cxg
pressed in dynes’cm.>.  The ratio of shead
stress to shear rate defines the viscosity of 43
fluid. Essentially this ratio expresses the ing
temal friction or resistance of fluid to flow:
The basic unit for viscusity is the poiscs
(poise = dyne see,'em.?), but a more cond
venient unit is thc centipoise (cp.) = l/l()d:f
poise. o
In water and other liquids, the ratio le.uo
stress ‘shear rate is constant: therefore \H("Nll,\,\)
is independent of shear rate, as illustrated in(Lg
figure 2. Such fluids are termed “ideal” or
“Newtonian,” after Sir Isaac Newton wlm§
first postulated such a relationship.  However3
in many complex fluids, such as blood, theo
ratio of shear stress to shear rate is not con-3
stant; and viscosity varies with shear rate
Such fluids are termed “non-Newtonian.” AsS
shear rate increases the viscosity of blood isg
diminished (fiz. 1). The decrease in \15-:
cosity with a rise in shear rate has been at-3
tributed to dissociation of red cell-proteing
clusters and their alignment in the flowingz
stream.®  With this orientation, a smaller>>
force (shear stress) is required to maintain=
fluid motion. B
Although shear rate is the primary determi-R
nant of blood viscosity, other variables are
also  important; these include temperature,

195,




Volume 27
Number §

Fic. 2. Rheological be- A

havior “of newtonian fu-
jds. The straight line
relationship of shear stress
to shear rate is shown in
figure 2A for three dif-
ferent Newtonian  fluids
¥, F: and F.. In figure
28 is the relationship of
viscosity to shear rate for
the same three fluids.
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hematocerit, and factors influencing ervthrocyte
aggregation. As temperature is reduced, blood
viscusity is increased.  This effect is more pro-
nounced below 27° C. Blood viscosity in-
creases with hematocrit, and the elevation be-
comes exponential as lematocrit exceeds 50
per cent?

Increased clumping of ervthrocytes elevates
blood viscosity and thereby diminishes flow in
the microvasculature. Plasma proteins are those
constituents that most strongly affect red cell
aggregation.?+ 23 The effect of plasma pro-
teins on blood viscosity varies with molecular
weight, configuration, and charge. Fibrino-
gen, a fibrillar protein with a high molecular
weight and low electronegativity has been
shown to be the chief factor in erythrocyte
aggregation. ¢ With major trauma or burns,
a marked increase in fibrinogen concentration
occurs, viscosity is elevated, and blood flow is
impaired. In contrast, albumin, which is a
small, low molecular weight protein with a
high degree of electronegativity, inhibits cell
aggregation and therefore diminishes viscos-
ity. The cffects of globulins on cell aggrega-
tion varv with their structure and molecular
weight as predicted by the principles out-
lined above.

Artificially produced polymers, as well as
plasma proteins, likewise influence blood vis-
cosity. Low molecular weight dextran (less
than 60,000) has been found useful in pre-
venting and reversing the increased eryth-
rocyte aggregation which occurs in several
pathological states.’® 1416 In contrast, high
molecular weight destran  (over 150,000)
promotes ervthrocyte aggregation. 4. 1%

Data of This Study. Measurements of
blood viscosity obtained in this study (table
1) are in close agreement with the work of

SHEAR RATE

others.’* 20, 23.27 The slight increase in vis-
cosity caused by tonometry has not been re-
ported previously.  Most likely it is related to §
changes in plasma proteins caused by me-3
chanical trauma.’'  Such phenomena were>
not further investigated in this work.

Our data indicate that the in titro addition®
to blood of clinical concentrations of C)L‘]O—O_
propane, halothane, nitrous oxide or dicth)‘l§
ether produces no measurable rheological o
change.  Yet there is a theoretical reason tog
expect that inhalational anesthetics could alter?
blood viscosity. It has been shown that in-S
halational anesthetics combine with blood pro-3
teins to form complexes which are stable as$
long as the anesthetic agent is present.?* Thc°’
fact that protein configuration influences bloodJ>
viscosity raises the question as to whether thc©
presence of anesthetic-protein complexes mn_n
alter the rheological behavior of blood. Smceo
changes in viscosity were not found, it \wuldcon
appear that anesthetic molecules of low mo-5
Teenlar weight do not appreciably alter thcA
structure or molecular weight of pmtems,m
which are considerably Targer.  However, the@
fact that concentrations of diethyl ether ing
blood of 245 mg.”/100 ml produced an m-
crease in viscosity may indicate that pmlem-O
anesthetic complexes can affect blood viscosity>
when the concentration is high. &

Changes of Blood Viscosity in Intact \lzm<
and Animals.  Although the addition to blnod‘D
of clinical concentrations of anesthetic agcnlsm
in citro does not affect blood viscosity, theS
theological effects of general anesthesia in in-3
tact man and animals are largely umn\esh-
gated.  Eckstein et al. reported that blood2.
viscosity in the dog is increased during etherd
anesthesia and diminished during pentobarbi-R
tal narcosis.® However, in their investigation
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viscosity was determined with a capillary vis-
cometer only at one shear rate, and change
in hematocrit could not be ruled out as the
cause of observed alterations. More recently,
blood viscosity of man has been reported to be
reduced about 3 per cent during halothane
or thiopental anesthesia, and increased about
2 per cent during cyclopropane administra-
tion.> In that study relative viscosity was
determined only at one shear rate, and the
findings could be accounted for by the re-
ported changes in hematocrit.  Furthermore,
the significance of the small chenges cannot
be assessed without further information on
the reproducibility of the method used to
determine blood viscosity.

A final problem lies in the interpretation
of viscosity measurements at the shear rates
used in this study. In cvive shear rates have
been estimated to range from 108 sec.-? in
the normal aorta to 10 sec.”! in arterioles of
100 ;o diameter.?®  Shear rates in the capil-
laries and venules are much lower since flow
rates even at the center of the vessel are only
0.4 mm./second, and viscosity is therefore
markedly increased in these vessels. Since
the instrument used in the present study is
adequate for viscosity measurements only at
shear rates from 230 sec.-' to 11.5 sec.?, it
was not possible to make measurements at
the shear rates which exist in capilluries and
venules. However, we consider it unlikely
that anesthetic agents which do not affect
blood viscosity at the shear rates measured
could change viscosity significantly at lower
shear rates.

Summary

Blood viscosity increases to levels that could
impair flow following trauma, extensive sur-
gery, cardiopulmonary by-pass, bums and
other tissuc injury. These changes in vis-
cosity are attributed to alterations of plasma
proteins, particularly an increase in fibrinogen
concentration.

Inhalational anesthetics form complexes
with plasma proteins which are stable as long
as the anesthetic is present.  In order to deter-
mine the effects of inhalational anesthetics on
blood viscosity, human bload was equilibrated
in a tonometer with 1.2 per cent halothane,
20 per cent cylecopropane, 70 per cent nitrous

Anesthesiology

S. C. ALEXANDER shnosthesicloy

oxide and 4 per cent and 15 per cent diethylg
ether.  The remaining gas in cach instance
was 3 per cent carbon dioxide in oxygen.

Viscosity of the blood was determined be-
fore and after equilibration with anesthetics®
or ancsthetic-free  carbogen in a  speciallyg
adapted microcone plate viscometer while gas3
tensions were held constant. Tonometry \\ilh-_g—_
out anesthetics was shown to produce a 3 tox
6 per cent increase in viscosity. None of llu-"’
inhalational anesthetics  produced .l(l(]lllnll.ll:
changes in blood viscosity when used in clini-2
cal concentrations.  However, higher concen-g
trations of diethyl cther, in the mnge of 2 )()m
mg., 100 ml. blood, produced a small but sta- 8
tistically significant increase in viscosity, Some3
basie rheological concepts are discussed in re-
lation to these data.
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